The changes in the chemistry and morphology within the interphase region of a pure-aluminum/a-SiCp metal matrix composite upon exposing the samples to exhaustive heat treatments have been studied by scanning electron microscope and by applying image analysis techniques (stereology) to optical microscope photographs of the composite cross-sections. Microstructural variations, such as the formation of small AI4C3 crystals at the interphase and the erosion of the reinforcement grains, were observed. The explanation and the consequences for these behaviors are discussed. Aluminum carbide formation is of interest for its degrading effect on the mechanical properties of metal matrix composites.
INTRODUCTION
Metals are characterized as being ductile, strong in tension, and moderately hard. Published data show significant increases in strength, modulus, and hardness for ceramic-reinforced metals. SiC has been known as one of the best ceramic materials to reinforce aluminum and Al alloys, and its performance has been widely examined. Several products (long and short fibers, whiskers, and particles) are now in practical use in the industrial fields. The addition of SiC whiskers to aluminum increases the elastic modulus to values similar to that of steel, maintaining an overall density 33% lower than that of steel. In addition, the SiCaluminum composite material has excellent properties, such as high strength, good abrasion resistance, wear resistance, and low thermal expansion. These characteristics are required for many industrial structural components, such as for aerospace, defense, and automotive engines.
It is seen that the gains in the mechanical properties fall short of the theoretical expectations, and the behavior may vary in the same composite system depending on the processing method. Load transfer from the matrix to the hard ceramic reinforcement, dislocation-particle interactions, and fracture depend on the properties of the interface region. Both efficiency of load transfer at the metal-ceramic interface and plastic deformation in the vicinity depend to a large extent on whether the bonding is mechanical or chemical. If chemical, the nature of the bond (i.e., ionic, covalent, or Van der Waals) is also important. The character of the chemical bond is strongly influenced by the interfacial structure and chemistry. Many interfaces in composites can be referred to as multiphase interfaces because definite chemical reaction products are present. The wetting mechanism between the liquid metal and the ceramic particle is a chemical reaction producing additional phases. Such reaction products are often brittle in nature and detrimental to mechanical properties. This is the case of the pure Al-based composites; their further utilization is hampered by the degradation of the properties upon formation of aluminum carbide (AI4C3) during consolidation and subsequent heat treatment. The excessive formation of A1 4 C 3 is detrimental because this phase is susceptible to corrosion /l-3/, and degrades the engineering properties of the matrix. In fact, the A1 4 C 3 content has an important effect on the stiffness, strength, and failure behavior of the composite IM.
In the present paper, in order to obtain useful information for the material fabrication process, the microstructural changes caused by an exhaustive heat treatment (annealing or remelting) on matrix and reinforcement in a pure-aluminum matrix reinforced with 15 vol.% of SiC particulate, have been investigated. In particular, the size distribution, the particle dispersion in the matrix, and the grain surface morphology were characterized by optical and scanning electron microscopy and a quantitative treatment of the reaction was obtained by means of stereology. Stereology is a quantitative analytical method that measures specific geometrical two-dimensional features of a material in order to generate a collection of three-dimensional stereological characteristics. Through these stereological parameters, used either individually or in combination, structure-property relationships in a material can be investigated. Here a basic concept of quantitative stereology, i.e. the equivalence between the area and volume fractions of microstructural features, is used to know the value of conversion of the reaction at equilibrium.
EXPERIMENTAL PROCEDURE

Material and Instrumentation
A pure-Al/15vol.% SiC p composite system was selected for this study. The composite, supplied from TEMAV s .p a in the extruded condition, was fabricated by a powder metallurgical process. Samples were characterized in the as-received state as well as after exhaustive heat treatments, performed at different temperatures. Specifically, specimens prepared from the same initial material were subjected to 600 + 900°C temperatures under vacuum for an extended time (48h). Cross-section samples for optical microscope (OM) analysis were cut and the surfaces were then mechanically polished, progressing from 600 grade SiC paper to 6 μηι and then 1 μιη diamond paste until highly polished surfaces were achieved. These surfaces were examined with a Leitz optical microscope.
The extraction of the SiC reinforcement particles was done by dissolving the matrix with dilute aqueous NaOH (3wt.% NaOH). The extracted particles were characterized with a Hitachi S-2300 scanning electron microscope (SEM).
The Method
A stereological approach was used to calculate the volume fraction of Si crystals (ß-phase) contained in the composite after the heat treatments. Stereology permits one to obtain three-dimensional structural parameters from measurements on two-dimensional sections. The area of a two-dimensional feature, such as a specific phase, can be used to determine the volume fraction of that phase. The stereological method, without the advantage of a computer, operates by superimposing a grid of dots on the specimen and counting the inclusions that such a grid forms with the feature of interest within the specimen field. This procedure, without automation, is very laborious, requiring an effort to establish the statistical validity for the measurement. The computer automation of the stereological method utilizes the total count of pixels on the monitor as the measuring grid, giving a value for P, the total number of grid test points. The measurement taken from the image is Pi, the total number of "hit points" associated with the morphological feature of interest. When the total number of hit points (P,) is known for the domain structure and also the distance, d, between two test points, an area of the structure can be determined as (Pi)d (1) where Pai and p S i are the density values, and Mai and M S i the atomic weights.
There are two basic requirements for the successful application of stereological measurements: (1) the structure should be homogeneously distributed, and (2) the number of measured structures of fields should be statistically sufficient. This latter requirement is easily met since the computer will continue to measure fields until the appropriate statistics, as demanded by the investigators, are satisfied.
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The stereological data to be presented here were acquired and evaluated by using a Polemar microscope, with a scanning stage and two axis controller, a solid state camera, special interface cards, and IBM/XT monochrome and SONY RGB monitors. The Image 4.1 program was used to analyze the data.
The field of interest under the microscope is optimized for direct viewing by whatever type of optics is required. This raw data is then collected by the solidstate camera and sent to the monitor, at which time the operator may want to adjust either the field selection or the microscope focus. This image is stored in the computer and the contrast levels for the image are set with the computer. The operator will continue to modify the data associated with the stored image until the monitor displays an image acceptable for the intended data analysis. At this time the computer can store the image on a disk, transport the image to another computer, and/or initiate the stereological measuring program. The silicon content was obtained by analyzing a series of 20 micrographs for each mounted and polished composite sample. An example of digitized image is shown in Figure 1 , and the
Fig. 1:
Digitized image of a composite cross-section micrograph (48h at 800°C, χ 1008).
relative gray-scale histogram (i.e., the diagram of pixel frequency vs intensity) is shown in Figure 2 . In the annealed composites, the Si crystals only occur in the metallic matrix. The Si fraction of interest is therefore the combined area of the Si crystals expressed as
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number of light gray in an image divided by the area of the material matrix. This last area can be obtained from the difference between the total pixel number and the number of the dark pixels in an image processed as shown in Figure 3 . Result of the electronic manipulation (image in Figure 1 ).
RESULTS AND DISCUSSION
The SiC particle distribution obtained by the powder metallurgical process followed by extrusion was fairly uniform. The particles were distributed in the matrix grain interiors as well as at grain boundaries. The aluminum grains were divided into subgrains, and some grains had low angle boundaries inside them, probably formed during the hot extrusion. The shapes of the Al grains varied from fairly equiaxed to irregular when observed through a section perpendicular to the extrusion direction. The grain size varied between 20 and 40 μιη transverse to the extrusion direction. The SiC particles generally were polygonal in cross section and faceted. Their starting morphology is shown in Figure 4 . The size of most particles ranged from 11 to 24 μπι, with an average value of 16 μιη. There were a few larger particles outside this range, up to 28 μιη in size, but such particles were quite rare.
It is known that SiC reacts with liquid Al to form A1 4 C3 at the interface in the temperate range for the fabrication of the composites, i.e., from 600°C to 900°C. The behavior with the temperature of the equilibrium molar percentage for all the species elevated dissolution of the SiC grains was observed when the remelting treatment was performed up to 800°C. The optical metallurgy conducted on annealed remelted specimens showed as the heat treatment changed the microstructure of the simple binary mixture (Figure 1) .
When the particles were extracted from the metal matrix (using an aqueous solution of NaOH, 3wt.%) and their microstructures were analyzed at high magnification by the scanning electron microscope, it was possible to observe as the surface was excavated, and a laminar structure appeared (Figure 7) . Comparison of the grain microstructure of variously remelted ΑΙ/α-SiC samples showed: (1) increasing the time of contact with the molten matrix, the particles were more excavated, (2) when a long remelting time was used, the liquid metal penetrated the particles totally, and (3) a very long remelting treatment produced a full dispersal of the grains (see Figure 8) . None of these characteristics were visible in the metallographic examination (OM) of the composite cross-section.
These observations can be explained as follows. The α-SiC powder is a synthetic material produced by the SEM-micrograph of the SiC particle microstructure after extraction from the metal matrix with a solution of NaOH (3 wt.%). The particle surface appears partially excavated (3h at 900°C).
electrical furnace process, in which high-purity silica sand, low-sulfur petroleum coke and electricity are required (Si0 2 +3C->SiC+2C0). The raw batch is reacted in a troughlike furnace with a central graphite current-carrying core. The current passing through this resistance core generates a temperature of 2400°C and, in 2-20 days, depending on transformer and furnace size, the chemical reaction of silica and carbon is completed. The resulting material is not totally crystalline, but a fraction of amorphous material is included too. The highest purity and crystalline material is found near the core. In particular, each SiC grain is constituted of many α-crystals (variously sized) bonded together by amorphous regions (a-SiC). Due to the irregularity and the elevated quantity of impurities, the reactivity of the amorphous regions is higher than that of the highly regular crystalline regions, and, consequently, during the erosion, they are quickly removed from the particle. This differential erosion mechanism explains the lamellar structure that was produced when the SiC crystals contacted the molten metal.
The reaction for the formation of A1 4 C 3 is expressed as follows:
where (s) denotes the solid-state, (1) where Δμ°(Α1 4 0 3 ) and Δμ°(8ίΟ) are, respectively, the free energy change of formation of A1 4 C 3 , and SiC, and {SiC} is the silicon activity in the molten aluminum.
Replacing the numerical values 151, we obtain: Δμ = 103.9-(0.01648-0.024941n{Si})T (kJ/mol) (4) Figure 9 shows the behavior of Δμ with temperature and silicon activity. The free-energy of the reaction depends on the Si content of the Al alloy, and, as one can see, in the range of technological temperatures, the reaction is favored in a pure Al-SiC composite system.
When the equilibrium conversion of reaction (2) was high (i.e., at high temperatures), many SiC particles were divided in the constituent crystals variously connected together. The dissolution of the crystalline portion of grains was so low that was practically The α-crystallites, contained in the SiC grains, have a size distribution with a characteristic central value inferior to the initial average size of the grains. In the samples extracted after remelting, the particle size distribution was the sum of the two distributions ( Figure 10 ).
In the composite, the dissolution of the a-SiC regions in the molten aluminum produced elemental silicon and carbon (SiC w = [Si 4+ ] + [C 4 ]). The silicon solubility in the molten metal is elevated at temperatures over the aluminum melting point (i.e. 40wt.% at 660°C) and, therefore, the silicon does not constitute a solid phase, but it dissolves in the matrix producing an Al-Si alloy. Instead, the solubility of C in Ai is 0.02-0.04 wt.% at 1300-1500°C and increases with rising temperature, but below 1100°C it is essentially zero. Therefore, C precipitates as aluminum carbide (4 Behavior of Δμ of the reaction with temperature and silicon activity.
PARTICLE SIZE (μπί) Fig. 10 : Variation of the SiC particle size distribution during the heat treatment (700°C).
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AI4C3 crystals grow in the particles wherever a temporary local supersaturation is produced. The AI4C3 recrystallization process, occurring during remelting, increases the crystal size and can impede the further erosion of the grain. In a previous report /10/, it was shown that the initial high rate of the kinetics of this reaction slowed down quickly to a very low rate, and it was explained by a change in the kinetic control of the reaction. That affirmation is justified by the current observations. The erosion reaction proceeded to the inner side of the grains for only a small fraction of particles; instead frequently a SiC core was observed.
At the end of remelting, the particles will be constituted of an (a-SiC + α-SiC) core, and an (α-SiC + A1 4 C 3 ) crystals external shell. When remelting was terminated and the material was cooled at room temperature, the growth of the primary aluminum-rich α-crystals increases the Si concentration in the molten region. Above the liquidus temperature, the (SiC + A1 4 C 3 ) particles and all the impurities were concentrated in the molten phase. When the silicon concentration became equal to the eutectic values, solidification of the molten phase followed and (SiC + AI4C3) particles, AI4C3 crystals, and other impurities were trapped between the silicon and the secondary aluminum crystals of the eutectic phase. Elemental silicon crystals, small crystals of AI4C3 and (SiC + A1 4 C 3 ) agglomerates were well distributed around each large primary α-crystal, so that their grain boundary was clearly outlined.
This particular microstructure of the remelted Al/ SiC composites has two important consequences: (i) it decreases the resistance of the material to the erosion process, and (ii) it reduces the material's mechanical properties. 
The volume change associated with this corrosion
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behavior can be quite deleterious, too. The segregation in the region where a high difference of potential between the phases is present and the particular distribution of the A1 4 C 3 crystals allowed the corrosion process to progress from the surface to the inside of the material following many pathways (interdendritic region), so that an intergranular corrosion resulted. Particularly, a complete composite degradation was observed after several weeks at room temperature for samples with AI4C3 contents of 40%, whereas no obvious corrosion effects were observed in materials with less than 5% AI4C3, even after many months, (ii) When a stress is applied to the metal matrix of the resulting material it propagates to every point of the composite structure. The stress applied at the interface has two components: the tangential component, which can produce an interfacial creep, and the normal component, which can produce separation of the two phases. In addition, a brittle phase can easily be fractured when a thermal or a mechanical action is applied. The particular microstructure produced in the composite material is characterized by the arrangement of many hard and brittle phases in the interdendritic regions. When the contact is between two metallic phases (e.g., primary α-aluminum crystals/Si, secondary α-aluminum crystals/Si), a large quantity of energy can be stored, and debonding is difficult. When hard compounds are present at the interface (e.g., AI4C3, Si, SiC crystals), these phases do not produce deformations under the application of stress and they are readily debonded. When cracking or the debonding is produced, it easily propagates moving along the interdendritic region.
The particular polycrystalline structure (AI4C3-SiC) contained inside the grains is very sensitive to crack formation, because in each grain there is always both an interface SS1C/AI4C3 where the stress acts totally to produce debonding and an interface SiC/Al 4 C 3 where the stress acts to produce creep and, consequently, failure can start from these points.
CONCLUSIONS
The aluminum-based metal matrix composites are of increasing interest because of a considerable improvement in properties compared to those of monolithic metal; however, because of a possible reaction during fabrication, the thermodynamic stability of the reinforcement phase vs. the molten matrix is of great importance. Here the microstructure of a SiCp reinforced pure-aluminum matrix composite, fabricated by hot-pressing, was identified by optical and scanning electron microscopy. During the remelting treatment, the SiC particles were reduced in size due to their partial dissolution in the liquid aluminum. However, a differential degradation characterized the chemical interaction. The amorphous regions contained in the grains were quickly removed; instead the resulting crystallites could practically not be reached at the end of the heating treatment. At equilibrium each reinforcement particle was constituted of SiC crystals embedded in AI4C3. As the equilibrium temperature increased, the SiC particle dissolution increased and aluminum carbide formation increased in both size and quantity. High remelting temperature produced an extensive dissolution of the SiC particles (total corrosion of the grain), and formation of significant amounts of AI4C3 crystals. Plate-like aluminum carbide crystals were formed at the interface and a non-uniform redistribution of the SiC particles resulted in the matrix.
The resulting morphology of particles, and the segregation of all brittle phases in the interdendritic region, promoted the intergranular corrosion process and the crack propagation phenomenon. In addition,
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the large amount of A1 4 C 3 degraded the resistance of the composite to the corrosion process because the carbide is eroded in water or in a moist atmosphere.
Quite separately, the paper presents the idea that stereological techniques offer a means for experimental characterization of composite microstructure, for example, after degradation reactions. The determination of the content of reaction products by this method is relatively fast and reliable, but errors can arise if the number of measured structures is not statistically sufficient.
